Experimental

Growth of MAPbI 3 seed crystals
A mixture of 1.2 mmol of methylammonium iodide (MAI, purchased from Sigma) and 1.2 mmol of PbI 2 (Across) was dissolved in 1 mL γ-butyrolactone (GBL, Sigma), and then the solution was heated to 110˚C in the oven. Within half an hour, a large number of MAPbI 3 seed crystals, 1-2 mm in size, appeared at the bottom of the container. They were collected for subsequent experiments (Fig. S1a) .
Growth of large-size MAPbI 3
The collected 1~2 mm sized seed crystals were placed in the aforementioned solution and grown in an oven at 110 °C. The small-sized single crystal appearing in solution was removed periodically, and the single crystal having a size of 5~7 mm was obtained after 1 to 2 days. By repeating this method, we can obtain larger sized single crystals. 1 Subsequently, the top solvent was removed by a syringe, and the crystals were rinsed in ether. Different sizes of MAPbI 3 single crystal are shown in Fig. S1b .
Device fabrication
The FTO-coated glass substrates (Tec 15, Pilkington) were etched by a laser before being ultrasonically cleaned with detergent, deionized water, acetone and ethanol. A compact layer of TiO 2 was deposited on the patterned substrates by spray pyrolysis deposition at 450 °C using a titanium diisopropoxide bis(acetylacetonate) solution diluted in ethanol (1:39, volume ratio). Subsequently the 500 nm mesoporous TiO 2 layer, the 1.5 µm ZrO 2 spacer layer and 13 µm graphite/carbon black electrodes were screen-printed onto FTO glass layer by layer, as we previously reported. 2 The films were sintered at 500 °C, 500 °C and 400 °C for 30 min, respectively.
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Drop-casting of perovskite precursor
The perovskite precursor was prepared by dissolving 553 mg of PbI 2 and 190 mg of MAI in 1 mL DMF. The precursor solution was stirred for 12 h at 50 °C to produce a homogeneous dispersion. For drop-casting method, 2.5 µL of precursor solution was filled in a blank device and annealed at 100 °C for 10 minutes. (For spin-coating testing perovskite film, 50 µL of precursor solution was spin-casted onto the ZrO 2 spacer layer at 2000 rpm for 30s and annealed at 100 °C for 10 minutes.)
In-situ crystal transfer process
We developed a homemade prototype reactor to control the CH 3 NH 2 (MA 0 ) vapor pressure ( Fig. S1) . Reactor primarily composes of MA source and N 2 in cylinder containers, a drier (filled with silica gel), a flowmeter for controlling the pressure of MA 0 , reaction chamber with gas manometer, as well as a vacuum pump. There are three valves to control the opening and closing of the gas path. The large-sized single crystal was ground into powders, and then 2.5 mg of the crystal powders were placed on the active area of each blank device. The as-prepared 20 blank devices were loaded into the reactor. The reactor was firstly pumped to -0.1 MPa to remove the air, and then refilled with MA 0 gas with a pressure of ~0.015 MPa. The whole process was performed at room temperature of 25 °C. Once the MA 0 gas was refilled in the reactor, the MAPbI 3 crystal powders began to turn into liquid-state phase MAPbI 3 ·xMA 0 . After 2~3 minutes, the mixture of MAPbI 3 crystals and liquid-state phase MAPbI 3 ·xMA 0 completely converted into transparent colloidal liquid-state phase MAPbI 3 ·xMA 0 , spreading and penetrating in the mesoporous scaffolds. After the penetration of the colloidal liquidstate phase MAPbI 3 ·xMA 0 , the reactor was refilled by N 2 . The transparent colloidal liquid-state phase MAPbI 3 ·xMA 0 slowly transformed to dark brown MAPbI 3 , forming high-quality perovskite absorber in the scaffold. The perovskites deposited devices were stored in the dark and at room temperature for several days to enable complete release of MA 0 gas and transformation from MAPbI 3 ·xMA 0 to MAPbI 3 . 
Characterization
